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- DOWNWASH AND WAKE BEHIND UNTAPERED WINGS OF VARIOUS.
ASPECT RATIOS AND ANGLES OF SWEEP

By H. Page Hoggard, Jr., and John R. Hagerman
SUMMARY

An investiéa.tion has been made in the Langley T— by 10—foot tunnel
to determine the downwash angles and the dynamlc-pressure ratios behind
wings of various sweep angles and aspect ratios, and the aerodynamic
force charscteristics of the wings. A brief discussion of some of the
effects of the more Important variables is presented.

The wake center line behind sweptforward wings was found to be
located higher than the wake center line behind sweptback wings. A
low tail position appears to be most stabilizing for all configurations
investigated with the exception of the short tail length behind the
unswept wing at an angle of attack of 16°. At low tail positions and
low angles of attack the rate of change of downwash angle with angle
of attack increases as sweepback decreases. At high tail positions
end high angles of gttack the reverse tends to be true.

INTRODUCTION

The analysis of reference 1 has shown that the use of sweptback
wings for high—gpeed alrcraft can greatly extend the range of flight
Mach number attainsble before the onset of serious campressibility
effects on the wings. The resulting realization by designers of the
possibility of attalning supersonic speeds in flight without serious
compressibility effects has caused grest interest in the use of swept—
back wings and a great demand for data on their serodynamic characteristics
throughout the speed range. In response to this demand, the National
Advisory Committee for Aeronautics has supplied data on the stability
and control characteristics of swept wings at low speeds in reference 2
end another NACA pasper of limited distribution. Also a collection and
analysils of static longltudinal stability characteristics are given in
reference 3.

Data presented in reference 3 indicated that the addition of a
horizontal tall behind a sweptback wing may be destabilizing for some
values of the rate of change of downwash angle with angle of attack at
the tail locetion. Because the need for data relative to downwash
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2 NACA TN No. 1703

behind swept wings was urgent, a preliminary investigation wes mede.
These preliminsry results are given in reference I,

The present paper presents the results of an extensive survey
of downwash behind swept wings. Data concerning downwash behind
sweptforward as well as sweptback wings are included. This paper
also presents surveys of dynamic-pressure ratlio behind the sweptforward
and sweptback wings. The wings used for this investigation vary in
sweep from 60° to —60°. The survey encompasses & region extending
from the plane of symmetry to beyond the tip in the spanwise directlion
and extending chordwise seven normal chords behind the quarter—chord
line of the wing. The surveys were made in a low-speed tumnel at a
speed of approximately 80 miles per hour. '

The serodynsmic characteristics of the wings, as determined by
force meassurements, are also presented.

COEFFICIENTS AND SYMBOLS

Cr, 1ift coefficlent (Lift/qS)

Cp drag coefficient (Drag/gs)

Cp pltching-moment coefficient about quarter chord of wing
mean aerodynsmic chord (Pitching moment/gST)

: 2
do Pree—streasm dynamic pressure, pounds per square foot (.EZ_)
qQ dynamic pressure in region behind wing, pounds per square foot
o] mass density of alr, slugs per cublc foot
v air velocity, feet per second
S wing area, square feet
c wing mean serodynamic chord, feet (same.as c¢ for each

respective model since models have constant chord)
c chord of model, feet (chord measured parallel to air stream)
A angle of sweep of leading edge, degrees (positive when wing
is sweptback)
b2
A wing aspect ratio S

b wing span, feet

i b

‘o
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h horizontal—tail position with respett to wing chord plane
extended, positive upward, semlispans

a angle of attack of wing chord line, degrees

€ angle of downwash, positive in down direction with respect

to relative wind, degrees

Ae Jot—boundary correction to downwash

Lift and pitching-moment parameters:

ch, varlation of 1ift coefficient with angle of attack (g'-EC-L—)
dCm
ECI variation of pitching-moment coefficient with 1ift coefficlent

MODEIS AND APPARATUS

Models

Detalls of the models are shown in figure 1. Their principal
geocmetric characteristics are presented in table I. The models were
made to the NACA 0015 airfoil contour, perpendicular to the leading edge.
The models were made of laminated mehogany bonded and screwed to a
heavy steel spar. This spar was necessary to minimize deflection under
loed. No geometric twist was present in any of the models.

Dynamic—Pressure-Survey Apparatus

All the downwash and dynamic—pressure datse presented in this
paper were obtained by the use of a multiple-tube reke. (See fig. 2.)
The pitch heads of this rake were designed to have the pitch-measuring
openings of each head as close together as possible, so that the
detrimental effect of a steep pressure gradient on the correct angle
reading would be minimized. Detaila of one of the pitch heads are shown
in figure 2(c). Because a large part of the region surveyed was in the
tip vortex behind the wing, it was necessaxry to make the rake sensitive
to angles of air flow in the pitch direction but insensitive to air flow
in the yaw direction. By using the slats shown in figures 2(a) and 2(b)
to form a nozzle with a 2:1 convergence, the rake was made insensitive
to yaw flow at small angles of yaw. The maximum angle—of-pitch error
caused by air flows yawed 20° is believed to be approximately 1°. Any
detrimental effects on total-pressure, static—-pressure, and angle—of—
downwash readings resulting from the presence of the slats were taken
care of by the calibratidon of the rake under known conditions of total
pressure and dynamic pressure.

o - —  marpas - - ——— -
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TESTS AND RESULTS
Test Conditions
The following teble summarizes the test conditions for the various

models; dynamic pressure is constant at a value of 16.37 and the turbu—
lence factor is constent at a velue of 1.6:

Sweep of Chord Test Reynolds

(§£§§ leading edge Aspact (M.A.C.) nuber
: (deg) (in.)
(a)

60 0 6.0 10.000 0.620 x 106
60 30 5.2 11.547 .720
60 —30 5.2 11.547 .720
60 60 3.0 20.000 1.240
60 —60 3.0 20.000 |  1.2%0
30 0 3.0 10.000 .620
52 30 k.5 11.5h47 .T20
52 -30 k.5 11.547 .T20
30 ’ 60 ‘ 1.5 20.000 1.240
30 ~60 1.5 20.000 1.240

8Reynolds number based on mean serodynemic chord.

The models were mounted so that the strut supported the model
8 inches to the left of the model center line. (See figs. 1 and 3.)
This off—center mounting was used to reduce the strut interference in
the center—line surveys, and also to allow the weight and air loads
of the model to be supported nearer the center of the fore—end—aft
dimension of the meodel and thus reduce deflections of the strut in

pitch.

Test Procedure

Force tests.— Force tests of the models were made from an angle of
attack of 0° to stalling angle of -attack.
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Doynwasgh gurveys.— The .downwash sirveys were made behind each model
with the reke held normal to the chord plane of the model. (See fig. 3.)
The survey—reke positlong are shown for each model In g figure preceding
the downwash and dynamic—pressure~ratio contour flgures for that model.
(See figs. 10, 13, 16, 19, 22, 25, 28, 31, 34, and 37.) - The swrvey for
each model included 25 positions of the rake except when the model or the
structure of the tunnel Interfered, as for the highly swept high—aspect—
ratio models. The reke was located to give a survey coverage from
12 inches above to 2 inches below the chord plane in order to cover the
region of expected tall locations. After the surveys were made for the
varlous angles of attack of the wing, the seme process was repeated with
wing removed and mounting strut in place so that the change in flow
resulting from the presence of the wing itself could be found by sub—
traction. All surveys were made by changing the angle of attack of the
survey reke to agree with that of the model. All survey data were
recorded by photographing e multltube inclined mancmeter.

In the presentation of the data the survey planes are shown located
with respect to the chord plane at all angles of attack. The absclassa of
each contour plot is laid out with respect to the quarter—chord point of
the wing at the spanwise station belng considered and not with respect
to the quarter—chord point of the mean serodynamic chord of the wing.

For the 60° swept wings the first line of the spanwise survey stations
fell within the model and could not be used. The distance from the
quarter—chord point of the mean aerodynasmic chord to any point given
on the contour plots can be found by the use of the values 1n table I.

Corrections

Tares.— The force—test data have not been corrected for tares.
The "wing—in — wing—out" method of obtaining the contour data by sub—
traction should partly correct for strut interference, leaving only the
mxtuael Interference of wing and strut uncorrected. This mutual inter—
ference has been found in the past to be small.

Jot boundary.— The jet—boundary correctlions aepplied to the force—
test data are presented in table II. The values of Cp and o shown
on the contour plots of downwash angle and dynamic~-pressure ratio are
values read from the corrected force—test data. These jJet~boundary
corrections for each swept wing were calculated by assuming a straight
rectangular wing with the same span and aspect ratio as the swept wing.

Jet—boundary corrections were not applied to the downwash values
given in the contour plotg. For the information of the user of the
downwash data, however, figure 4 i1s presented. The curves of figure L
were computed from reference 5, taking into account the effect of

sweep, and glve A¢ JCE/ 2 along the wing center line in the chord planse
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for each of the ten wings tested for 0° angle of attack. An anslysis of
some unpublished boundery-induced—upwash calculations indicated that the
correction factor presented in figure I will be constent over tail spans
up to 1 wing semigpen and will vary less than 5 percent at the tip of a
tail of span equal to 2 wing semispans. The correction factor will
probebly be within 10 percent for all the wings at all angles of attack
and tail heights presented except the 60—inch-gpan, 60° swept wings at
angles of attack grester than 17°. (See reference 5. ) The correction
should be calculeted by using the dynamic—pressure ratio from the contours
for the desired taill locatlion and then added to the value of ¢ found on
. the contour plot.

Accuracy

It was reallzed thet high dynemlc-pressure—ratlio slopes would
influence the accuracy of the downwash data. The glopes were computed
to £ind the velues which would cause errors of 1/2° and of 1° (determined
from calibration curves and geametry of the rake pitch heads). By
comparison of the dynemic-pressure-ratio cross plots with these calcu~
lated slopes, it was found that for the highest slopes in the wing wake
the error was less than #1©°. In other regions the error is believed
to be smaller.

The dynamic-pressure-ratio contours are belleved to be accurate
within #2 percent since the ratio is determined by division of "wing—in"
reedings by "wing-out" readings so that errors of rake indication should
be minimized.

Presentation of Results

The data are presented in figures 5 to llll- in three genera.l groups:
force—test data, survey data, and analysis plots. Force-test data and
gurvey data are indexed in ta'ble ITT,

DISCUSSION

Force Data

The pitching-moment data (figs. 6, T, 8, and 9) reveal changes in
the pitching-moment curves at a value of CL -of about 0.6, especially
for the highly swept wings of high aspect ratio, caused 'by a ghift of
1lift load toward the root section on sweptback wings and a shift of
1ift load toward the tip section on sweptforward wings. Reference k4
indicates that this shift of 1ift load has a pronounced effect on the
veriation of downwash angle with angle of attack resulting in large

changes of % -
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A1l straight and sweptback wings presented in this paper have
pitching-moment characteristics in accordance with the chart of aspect
ratio against sweepback found in reference 3. The possible application
of the chart to sweptforward wings was not discussed in reference 3. A
study of figures T and 9, however, reveals that the chart of reference 3
would apply to both sweptback and sweptforward wings without any change
except for the sign of the angle of sweep.

d
| a%% with
sweep as determined by the force date presented in this paper. The

slopes were measured through a small angle—of—attack range near gzero
1ift. .

The following table shows the variation of CI.“ and.

Sweep Span Aspect CLm acy
(deg) (in.) ratio (per deg) - dCy,
~60 60 3.0 0.03% -0.20%
—60 30 1.5 .028 ~.105
~30 60 5.2 .058 —.070
—30 52 L5 .052 —. 0T
0 60 6.0 .063 .036
0 .30 3.0 06 - .020
30 60 5.2 061 075
30 52 k.5 .059 .080
60 60 3.0 .036 .030
60 30 | 1.5 .032 .003

From the table of values of %gc% it sppears that sweepforward

causes & pronounced rearward shift of the aerodynamic center. Sweptback
wings show only a slight forwaerd shift of the aerodynamic center.

The values of Op as obtained from figures 6 to 9 for swept wings

are in some cages in good agreement with the theorsetical velues 1n
figure 4 of reference 63 however, several of the values do not agree.
It is believed that the tares resulting from the strut mounting on the
left wing panel, if spplied, would lead to closer agreement.
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The teble of values of CI-a. shows that sweep, regardless of
direction, reduces CLq,' Sweptforward wings are shown to have slightly

lower values of CI.u, than sweptback wings.

Surveys .

Downwash.— Figures 40 and 4l give the spanwise contours of downwash
and waeke in a vertical plane through an arbiltrary tail location behind
the swept and unswept wings. This tall was assumed to have the same
sweep as the wing and to be located the same actual distance behind all
of the wings. This distance was 2 gemispans behind the quarter-—chord
line of the 30—inch—span wings and 1 semispan behind the querter—chord
line of the 60—inch—span wings. The effect of sweep at constant 1ift
on the spanwise distribution of downwash at this asswmed tail location
for wings of aspect ratio 3 may be found in figure 40(a). The spanwise
contours of downwash show the expected maximum downwesh angle behind
the root of the sweptforwerd wing and behind the tip of the sweptback
wing. The unswept and 60° sweptback wings have large downwash angles
behind the tip, and a somewhat higher location of the wake center line
with respect to the chord plane than the 60° sweptforward wing. These
large downwash angles near the tip of the umswept and sweptback wings
are probably s result of the high relative tip loading encountered on

these wings.

Figure 41(a) gives the effect of sweep on the spanwise distribution
of downwash behind wings of the same basic panel ungwept and swept forward
and. back 60°. The basic panel concept glves an aspect—ratio variation of
from 6 for the unswept to 1.5 for the same panel swept 60° either forward
or back. This low value of aspect ratio is believed to be the cause of
the fact that there are high angles of downwash near the tip of the swept—
forward wing as well as at the root where high downwash angles are
oxpected. The sweptback wing gives the anticipated high downwash angles
behind the tip, but the region of highest angles occurs nearer the tip
than for the sweptback wing of aspect ratio 3 shown in figure 40(a). It
appoars that both sweptforward and sweptback wings of low aspect ratio
have more pronounced tip loading than those of higher aspect ratio.

Weke.— The location, measured from the chord plane, of the wake
center line in the plane of symmetry behind sweptforward wings is found
to be high at medium angles of attack, and this vertical location
increases rapidly with angle of attack. (See figs. 18(a), 24(a), 33(a),
and 39(a).) On the other hand, the location of the wake behind swept—
back wings was in the chord plane or Jjust below the chord plane in the
plane of symmetry and showed only a glight upwurd shift in location with
engle of attack. (See figs. 15(a), 21.(a), 30(a), and 36(a).)

In the weke behind sweptforward wings values of q/qy, are low in
the plane of symmetry but increase rapidly toward the tip. Sweptback
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wings, however, produce values of q/gq, which are fairly high in the
weke at the plane of symmetry and decrease toward the tip.

The comparison of the weke behind unswept and 60° swept wings at
constant 1ift and aspect ratio presented in figuré 40(b) shows the same
trends as discussed previously, that is, high location of low energy wake
behind center of sweptforward wings, and the same behind tips of wings
swept back 60°., Figure 41(b) does not present as clear a picture as
figure 40(b); however, the trend is the same. This low—energy region
behind the center section of sweptforward wings and behind the tip
section of sweptback wings is probably caused by the transverse flow
of air inboard for the sweptforward wing and outboard for the sweptback
wing.

Stability.— Some available data on sweptback wings (reference 4)

indicate that radical chenges in %5 occur in certain reglons behind
the wing. It was found from the date shown In the present paper that
sweptforward wings as well as sweptback wings produced radical changes

in %ﬁ Figure 42 shows ‘di—i plotted against the distaence of an assumed

horizontal—tall position from the wing chord plane extended. Two values
of tail length were used, measured from the quarter—chord point of the
mean serodynamic chord, which are believed to bracket the tail positions
of modern swept—~wing alrplanes for which gecmetric data are now available.
Only unswept and 60° sweptforward and sweptback wings with aspect ratio
of 3 were congldered. The data, presented at two angles of attack and
for two spanwise stations (in plane of symmetry and 1/3 semispan from
plane of symmetry), have been corrected for Jet—boundary effects as
presented in figure. 4 and reference 5. The data indicate that the

lowest tall position tends to give the lowest, that 1is, most stable,

value of i— A notable exception to the trend is evident for the

gshort tail 1ength behind the unswept wing, particularly at the angle of
attack of 16°. For the short taill length behind the unswept wing the
highest tail position gave the lowest value of -g‘-:- In genersl g:—:
increases as sweep, decreases. Exceptions to this trend are most numerous
for the longer tall length coupled with the high angle of attack. There
is also a slight tendency toward violation of this trend for the higher
tail positions. In general, the low tall position appears to be the most
stable for both unswept and 60° swept wings.

v Pictorial Representation
Isometric representations of angles of downwash behind the 30-inch—

span wings are given in figures U3 and Lk for the gtraight rectangular
wing and the 60° sweptback wing, respectively. Only the dowawash sheets
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behind the right half of the wing are shown as the downwash pattern
behind the wing is assumed to be symmetrical. Also, the data presented
in these figures cover only about 0.8 of the semispan since the down—
wash angle becomes negative from there to beyond the tip. The data
presented were obtained with the wing at an angle of attack of about 8.1°
as that seemed to be a compromise between presenting too simple a picture
or too confusing a picture. Only downwash angles of 2.0°, 4.0°, and 6.0°
are shown. The heavy dotted lines show the shape of the upper surface of
the downwash sheets at each of the chordwise stations indicated. The
light dotted lines show the shape of the lower surface.

CONCLUSTIONS

The data obtained from force tests and dynamic—pressure wake surveys
for ten models having various angles of sweep in low-speed three~dimensionsl
alr flow Indicate the following conclusions:

1. The wake—center-line location (measured from the chord plane)
behind sweptforward wings was found to be high whereas behind sweptback
wings it was found to be in the chord plane or Just below the chord plane.

2. The sweptforward and sweptback wings show their greatest wake
energy loss at the plane of symmetry and at the tip, respectively.

3. A low tail position appears to be most stabllizing for all wings
investigated except for the short tail length behind the unswept wing at
an angle of attack of 16°. The high tail position was most stabilizing for
this condlition.

4, At short tail lengths and low angles of attack the rate of change
of downwash angle with angle of attack generally increases as sweep
decreases. At long tall lengths and high angles of asttack the reverse
tends to be true.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., June 3, 1948
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TABLE T.— GEOMETRY OF THE MODEIS

[MaGA 0015 airfoil section in plane perpendicular to
wing leading edge for all models ]

Spen | Sweep | Aspect Chord Area i]?::mta:}f
(in.) | (deg) | watio | (M.A.C.) [ (g0 in.) of M.A.C. %o
(1n.) . L.E. at center line
60 0 6.0 10.00 600.0 . 2,50
1 e 30 5.2 11.55 692.8 11.55
60 —30 5.2 11.55 .| 692.8 5.77
60- 60 3.0 . 20.00 1200.0 20.96
60 —60 3.0 20.0(5 1200,0 20.96
30 0 3.0 10.00 | 300.0 2.50
52 30 k.5 11.55 600.0 10.39
52 -30 k.5 11.55 600.0 |’ 4.62
30 60 1.5 20.00 600.0 17.99
30 —60 1.5 £0.00 600.0 7.99

W
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TABLE II.— JET-BOUNDARY CORRECTIONS
[All corrections are a.dditive]
Span Sweep, A Agpect Aa ACp A_cz_n
(in.) (degs ratio UE 'CL_E' .
60 0 6.0 0.420 0.0070 Negligible
60 30 5.2 .500 .0080
60 —30 5.2 .500 .0080
60 60 3.0 .900 .0138
60 —60 3.0 .900 .0138
30 0 3.0 .200 .0035
52 30 k.5 ' .390 .0067
52 —30 L5 .390 0067
30 60 1.5 400 .00T0
30 60 1.5 .hoo .0070 V
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TABLE IIT.— INDEX OF FIGURES SHOWING FORCE TEST AND SURVEY DATA

Figure
Sweep S b
angle, A ?ﬁ’) Stati D n Dynamic-—
(d.egj * Force date ons OWIIWAS pressure-ratio
surveyed | contours contours
60 i 10 11 12
0 8 5
30 25 26 27
J 60 7 13 1k 15
30 g 6
| 52 ) 28 29 30
[ 60 b 16 17 18
—30 ~ T
§ 52 _r 31 32 33
(60 | 19 20 21
60 < 8
Eai 3 3 36
60 | . 20 23 ol
—60 - > 9 g
_ 30 B 37" 38 39
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Leading edi? /‘4" line

- — i
Pivat paint| gmac. |7
2
=60~
A=0°, A=6

N\ =607 A=3

Leading edge

Flgurel .~ Details of the fen unfapered wings of varying aspecl ralio and

angle of sweep used for the downwash and adynarmic-preéssvre surveys.

—— r—



16

Prvot poin t

Leadling aa'g’e)

Y4 line,
-

Ay

h 4 ~

4 MAC.

430

N =0A=3

/oll

fe—552"
NA=80,A=45

=-307A=45

Figure 1.- Concluded.
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(b) Slat retnoved showing arrangement of pressure tubes.

Figure 2.- Continued.
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7op view

_ /—Gfo/ic-pressure operings

1
% (approx)
S S
~%0.a Yubing
Side view

(@) Details of one pith head of survey rake
showing location of the various pressure openings.

(A dmensians are in wiches.)
figure 2.~ Concluaed.
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Figure #.—Jel-boundary correclions alng Mhe infersection of
the plane of symmelry and The chord plane of the wing

as compuled fom reference 6 for X=0°
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Figure 43.- Constant-downwasgh sheets behind 30
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Figure 44.- Constant-downwash sheets behind 80-inch-span wing with 80° sweepback.
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